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Summary

Aging is an important biological phenomenon and a
major contributor to human disease and disability, but no
drugs have been demonstrated to delay human aging.
Caenorhabditis elegans is a valuable model for studies of
animal aging, and the analysis of drugs that extend the
lifespan of this animal can elucidate mechanisms of aging
and might lead to treatments for age-related disease.
By testing drugs that are Food and Drug Administration
approved for human use, we discovered that the mood
stabilizer and anticonvulsant valproic acid (VA) extended
C. elegans lifespan. VA also delayed age-related declines
of body movement, indicating that VA delays aging.
Valproic acid is a small carboxylic acid that is the most
frequently prescribed anticonvulsant drug in humans. A
structure-activity analysis demonstrated that the related
compound valpromide also extends lifespan. Valproic
acid treatment may modulate the insulin/IGF-1 growth
factor signaling pathway, because VA promoted dauer
larvae formation and DAF-16 nuclear localization. To
investigate the mechanism of action of VA in delaying
aging, we analyzed the effects of combining VA with
other compounds that extend the lifespan of C. elegans.
Combined treatment of animals with VA and the hete-
rocyclic anticonvulsant trimethadione caused a lifespan
extension that was significantly greater than treatment
with either of these drugs alone. These data suggest that
the mechanism of action of VA is distinct from that of
trimethadione, and demonstrate that lifespan-extending
drugs can be combined to produce additive effects.
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Introduction

Pharmacological compounds that extend lifespan could delay
the progression of age-related degenerative changes and age-
related illnesses such as Alzheimer’s disease and cardiovascular
disease. In addition, the characterization of drugs that extend
lifespan can elucidate endogenous mechanisms involved in
lifespan determination, because the targets of these drugs are
likely to influence normal aging. The short lifespan and rapid
aging of invertebrates make them powerful models for the
identification of drugs that extend lifespan and for the char-
acterization of the mechanism of action of these drugs (Lithgow
et al., 2005; Collins et al., 2006; Olsen et al., 2006a). The free-
living soil nematode Caenorhabditis elegans has been a leading
system for studying genetic and pharmacologic influences on
lifespan. Four categories of compounds have been reported to
extend C. elegans lifespan: a variety of antioxidant compounds
(Harrington & Harley, 1988; Adachi & Ishii, 2000; Melov et al.,
2000; Ishii et al., 2004; Keaney et al., 2004); complex mixtures
derived from plants (Wu et al., 2002; Wilson et al., 2006);
resveratrol, a potential modulator of Sir2 activity (Wood et al.,
2004; Bass et al., 2007); and medications such as heterocyclic
anticonvulsant medications that are likely to act by affecting
neural activity (Evason et al., 2005; Petrascheck et al., 2007,
McColl et al., 2008). Drosophila melanogaster has also been an
important system for the discovery of drugs that extend lifespan,
and several histone deacetylase (HDAC) inhibitors delay Drosophila
aging (Kang et al., 2002; Zhao et al., 2005). Compounds that
extend the lifespan of vertebrates have not been well char-
acterized. However, a recent report showing that resveratrol
can extend the lifespan of a short-lived fish suggests that
compounds that extend invertebrate lifespan may be relevant
to vertebrate biology (Valenzano et al., 2006).

Current medical practice in humans often involves combining
two or more drugs with different mechanisms of action to
provide greater efficacy and minimize deleterious side effects.
For example, HIV antiretroviral treatment can involve the use
of a reverse transcriptase inhibitor and a protease inhibitor that
act by distinct mechanisms to inhibit viral replication (Temesgen
et al., 2006). Treatment of hypertension can involve combining
a diuretic that decreases plasma volume with an ACE inhibitor
that promotes vasodilation (Sica, 2002). The possibility of
combining lifespan-extending drugs to produce a longer lifespan
extension than is possible with either drug alone is appealing
because it might illuminate the mechanism of action of the
drugs and provide therapeutic benefits. However, combinations
of drugs that have additive effects on lifespan have not been
reported.

Here, we report that valproic acid (VA) extends C. elegans
lifespan and delays age-related degenerative changes in body
movement. Valproic acid is a small carboxylic acid that was
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discovered serendipitously to have anticonvulsant activity when
it was used as a solvent to dissolve other potentially active
compounds (Isoherranen et al., 2003). Valproic acid is now the
most frequently prescribed antiepileptic drug with annual sales
exceeding $1 billion (Isoherranen et al., 2003). Valproic acid
is also used to treat numerous neurological and psychiatric
disorders including bipolar disorder and migraine headaches
(Isoherranen et al., 2003). In addition to extending C. elegans
lifespan, this compound enhanced dauer formation and nuclear
localization of the DAF-16 protein. Worms treated with a
combination of VA and the heterocyclic anticonvulsant tri-
methadione (TRI) lived significantly longer than worms treated
with either drug alone. This suggests that the mechanism of
action of VA is distinct from that of TRI. Furthermore, our results
demonstrate that two drugs can be combined to cause an
additive lifespan extension.

Results

VA extends C. elegans lifespan

To identify drugs that influence lifespan, we analyzed Food and
Drug Administration-approved compounds for the ability to
extend the mean lifespan of C. elegans hermaphrodites cultured
at 20 °C on agar plates with abundant Escherichia coli as a food
source. We chose compounds from different structural and
functional classes of drugs, and initially analyzed the effect of
three drug concentrations on populations of 50 hermaphrodites.
We previously described this approach and the identification
of the anticonvulsant drug ethosuximide that can extend
C. elegans lifespan (Evason et al., 2005). Subsequently, we
analyzed VA and observed an extension of the mean lifespan
at one of the initial test concentrations.

To characterize the range of effects of VA and identify the
optimal concentration for lifespan extension, we conducted a
dose-response analysis. WWorms cultured in a medium containing
6 mm VA displayed the largest lifespan extension; lower
concentrations caused smaller extensions, while higher con-
centrations reduced lifespan and substantially delayed devel-
opment (Fig. 1A and data not shown). To accurately quantify
the effects of 6 mm VA, we analyzed 530 animals in 10 separate
trails. It was found that 6 mm VA extended mean adult lifespan
from 16.2 days to 21.9 days (35% increase) and extended
maximum adult lifespan from 23.3 days to 33.1 days (42%
increase) (Table 1). These effects were temperature sensitive;
VA did not extend lifespan at 15 °C or 25 °C (data not shown).

Supplementation of nematode growth medium (NGM) plates
with VA prevented the accumulation of E. coli, indicating that
VA might inhibit bacterial proliferation. To provide an abundant
food source for worms cultured with VA, we grew E. coli OP50
in standard medium, concentrated the bacteria, and dispensed
the bacteria onto plates containing VA. Bacterial pathogenicity
reduces the lifespan of worms cultured with E. coli, because
treatment with antibiotics can extend lifespan (Garigan et al.,
2002). To determine if inhibition of bacterial pathogenicity
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Fig. 1 Dose-response analysis of valproic acid (VA). (A) Wild-type (WT)
hermaphrodites were cultured with no drug or VA from conception until
death, and monitored for survival. Doses are in mm. The mean lifespans for
0 mM, 3 mM, 6 mm, 12 mm, 18 mm, and 24 mm VA were days [SD (n)]:
16.4 £ 4.3 (66), 20.9 £ 6.7 (56), 23.2 + 7.3 (52), 14.7 + 6.4 (37), 7.4 £ 3.9
(48), and 9.8 + 2.5 (4), respectively. Treatment with 3 mm and 6 mm VA
extended the mean lifespan significantly (P < 0.0001), whereas treatment
with 18 mm and 24 mm VA shortened the mean lifespan significantly

(P < 0.0001 and P < 0.05, respectively). Most animals cultured in the presence
of 24 mm VA died or arrested development before reaching the fourth larval
stage, and we analyzed the adult lifespan of the rare animals that survived
to adulthood. (B) Valproic acid extends the lifespan of animals treated with
kanamycin. Wild-type hermaphrodites were cultured with no drug (WT,

n = 80), with 3 mm VA alone (+ VA 3, n = 51), with kanamycin alone (+ KAN,
n = 56), or with both kanamycin and VA ( + KAN + VA 3, n = 70) from
conception until death. Treatment with 3 mm VA alone or with kanamycin
alone significantly extended lifespan compared to animals with no drug
treatment (P < 0.0002 and P < 0.0001, respectively). Treatment with
kanamycin and 3 mm VA significantly extended lifespan compared to
treatment with kanamycin alone (P < 0.0007). These data represent the
results of a single trial; combined data for two trials are presented in Table 1.

contributes to the mechanism of action of VA in lifespan extension,
we compared treatment with the antibiotic kanamycin to
treatment with VA and kanamycin (Fig. 1B and Table 1). In single
treatments, kanamycin and 3 mm VA increased mean lifespan
10 20.2 days (25%) and 20.9 days (29%), respectively (Table 1).
A combined treatment of kanamycin and 3 mm VA increased
the mean lifespan to 22.9 days (41%). In the presence of
kanamycin, treatment with VA caused a significant extension
of mean lifespan extension of 13%, indicating that VA influences
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lifespan by a mechanism that is independent of inhibiting
bacterial proliferation. There are several possible explanations
for the difference in the magnitude of the lifespan extension
caused by VA alone and VA in the presence of kanamycin:
(i) Kanamycin and VA have partially overlapping effects.
Valproic acid might extend lifespan partly by inhibiting bacterial
proliferation, or kanamycin might extend lifespan partly by
directly acting on worms. Alternatively, VA might extend
lifespan by increasing the ability of worms to resist bacterial
pathogens, in which case the addition of kanamycin might have
minimal effects (Garsin et al., 2003). (ii) Kanamycin and VA do
not have overlapping effects. In this case, the failure to
observe fully additive effects on lifespan might result from the
toxic effects of combining these drugs, which limits the lifespan
extension. Alternatively, the lifespan extension could be
limited by age-related degenerative changes that neither
drug remedies.

To determine the developmental stage when VA functions
to extend lifespan, we administered the drug from conception
until the fourth larval (L4) stage or from the L4 stage until
death. Exposure to VA only during embryonic and larval
development had no significant effect on mean lifespan. In
contrast, exposure to VA beginning at the L4 stage extended
mean lifespan to 20.8 days (28% increase) (Fig. 2B and Table 1).
These results indicate that VA does not influence lifespan
by affecting development, but rather acts in adults to delay
degeneration.

VA delays the age-related decline of body movement

Caenorhabditis elegans hermaphrodites display age-related
declines in several physiological processes including a transition
from rapid, coordinated body movement to sluggish, uncoordinated
body movement, and a decline in pharyngeal pumping rate
(Herndon et al., 2002; Huang et al., 2004; Collins et al., 2007).
To determine if VA delays age-related declines of physiological
processes, we analyzed body movement and pharyngeal
pumping. Valproic acid extended the span of time that animals
display fast body movement from 8.2 £ 1.7 days to 9.4 +
2.3 days (P < 0.0001) (Fig. 2C). Valproic acid did not significantly
extend the span of time that animals display pharyngeal
pumping (data not shown). These results indicate that VA
delays age-related degeneration of physiologic processes that
mediate body movement.

It is important to monitor reproductive capacity because
several manipulations that extend adult lifespan significantly
affect progeny production. For example, dietary restriction and
diminished mitochondrial function reduce progeny production
early in life and reduce the total number of progeny produced
by self-fertile hermaphrodites (Felkai et al., 1999; Hughes et al.,
2007). To analyze self-fertile reproduction, we monitored
progeny production daily. Hermaphrodites cultured in a medium
containing 6 mm VA did not display an extended self-fertile
reproductive span, indicating that VA does not delay the
utilization of self-sperm (data not shown). Reproductive cessation
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Fig. 2 Valproic acid (VA) extends worm lifespan and delays the age-related
decline in body movement. (A) Structures of VA, valpromide, and
trimethadione. (B) Wild-type (WT) hermaphrodites were cultured without
drug (WT, n = 113) or with 6 mm VA from conception until death ( + VA 6,
n = 102), from fourth larval (L4) until death ( + VA 0/6, n = 100), or from
conception until L4 ( + VA 6/0, n = 107). (C) Wild-type hermaphrodites were
cultured with no drug (WT, n = 180) or with 6 mm VA (+ VA 6, n = 80).
Animals were classified as fast moving if they displayed continuous and well-
coordinated sinusoidal movements, and not fast moving if they displayed
discontinuous or sluggish movements (Huang et al., 2004). Survival and fast
body movement were monitored beginning at the L4 stage (day 0).

in self-fertile hermaphrodites occurs because animals exhaust
their supply of self-sperm. To accurately measure the full
reproductive potential of hermaphrodites, we mated L4
hermaphrodites to male C elegans for 2 days and monitored
progeny production. Animals cultured with 6 mm VA produced
an average of 413 + 125 progeny, similar to animals cultured
without the drug. Furthermore, culturing animals with VA
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Mean lifespan % Maximum lifespan

Table 1 Lifespan analysis of wild-type worms

% cultured with drugs

Drugt (SD) (days)t8 Change§ (SD) (days)$81 Changes Ntt
None 16.2+4.0 233+18 708 (12)
VA (3) 20.9 + 7.0%** +29 33.3 £ 2.1%** +43 304 (5)
VA (6) 21.9 £ 7.0%** +35 33.1 £ 2.1%%* +42 530 (10)
VA (6/0) 17.1+5.0 +6 26.3+£2.1** +13 107 (2)
VA (0/6) 20.8 + 7.5%** +28 33.1 £ 4.2%%* +42 100 (2)
TRI (28) 23,5+ 7.5%** +45 36.9 + 2.5%** +58 248 (4)
TRI (28) + VA (6) 26.1 +7.8%** +61 37.9 £ 2.3%** +63 222 (4)
Ethanol 16.8+3.8 22.7+08 168 (3)
VPD (6) 20.4 £ 6.7%** +21 30.6 + 2.5%** +35 152 (3)
KAN 202 +5.2 296 +25 139 (2)
KAN + VA (3) 22.9 + 5.6%** +13 32.5+2.2%* +10 155 (2)

tDrug concentration in mm for valproic acid (VA), trimethadione (TRI), and valpromide (VPD). VA (6/0)
and VA (0/6) indicate treatment with 6 mm VA from conception until fourth larval (L4) or from L4 until
death, respectively. All other drug treatments were from conception until death. Ethanol was used to
solubilize VPD, and ethanol alone was the control treatment for VPD. The antibiotic kanamycin (KAN)
was added to nematode growth medium at a final concentration of 50 ug mL™". KAN alone was the
control treatment for KAN + VA (3).

#If the standard deviations of two groups were similar, comparisons were performed using the Student’s
t-test. Otherwise, the alternate Welch test was used. P > 0.05, no stars; *P < 0.05; **P < 0.005;
**%p < 0.0001.

§The percentage change and the statistical significance of this change were determined by comparing
the experimental treatments VA (3), VA (6), VA (6/0), VA (6/0), TRI (28), and TRI (28) + VA(6) to none.
The experimental treatment VPD (6) was compared to ethanol, because VPD was dissolved in ethanol.

The experimental treatment KAN + VA (3) was compared to KAN.
fIMaximum adult lifespan is the mean lifespan of 10% of the population that had the longest lifespans.

t+Number of hermaphrodites analyzed, with number of independent experiments in parentheses.
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Fig. 3 Valproic acid (VA) does not decrease reproduction of mated
hermaphrodites. We mated wild-type (WT) hermaphrodites to WT males and
counted progeny of hermaphrodites cultured without drug (WT) or with 6 mm
VA (+ VA 6). Hermaphrodites cultured with and without drug produced
413 + 125 (n = 28) and 434 + 102 (n = 65) progeny, respectively (not
significantly different). Hermaphrodites cultured with and without drug
produced 2.3 £ 6.9 (n = 68) and 2.7 + 9.4 (n = 86) progeny after day 9,
respectively (not significantly different).

neither lengthened nor shortened the mated reproductive
period, because animals cultured with VA and untreated con-
trol animals produced similar numbers of progeny during the
last several days of reproductive activity (Fig. 3).

A structurally similar compound, valpromide (VPD),
extends C. elegans lifespan

Compounds that are structurally related to VA have been
analyzed to characterize the mechanism of action of VA as an
anticonvulsant (Bialer, 1991; Phiel etal., 2001; Isoherranen
et al., 2003). Valpromide is an aliphatic amide analogue of VA
and shares its potent anticonvulsant activity (Fig. 2A) (Bialer,
1991). Unlike VA, VPD is not a HDAC inhibitor (Phiel et al.,
2001). We analyzed the effects of VPD on C. elegans lifespan.
Valpromide was dissolved in ethanol, and control animals for
VPD experiments were exposed to ethanol alone. At a con-
centration of 6 mm that is optimal for VA lifespan extension,
VPD extended mean lifespan from 16.8 days to 20.4 days (21%
increase) (P < 0.0001) and maximum lifespan from 22.7 days to
30.6 days (35% increase) (P < 0.0001) (Fig. 4, Table 1). These
effects on lifespan are similar to the effects caused by VA. In
contrast to VA, supplementation of NGM plates with VPD did
not prevent accumulation of E. coli, indicating that VPD does
not inhibit bacterial proliferation. These results suggest that
inhibition of bacterial proliferation does not mediate the
lifespan extension caused by these drugs.

VA and VPD enhance dauer formation, and VA
promotes DAF-16::GFP nuclear localization

Pioneering work by many investigators studying dauer for-
mation in C. elegans has established that there is a significant
overlap between genes that mediate entry into the dauer larvae
stage of development and genes that influence adult lifespan
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Fig. 4 Valpromide (VPD) extends Caenorhabditis elegans lifespan. Wild-type
(WT) hermaphrodites were cultured with ethanol alone (WT, n = 168) or with
6 mm VPD dissolved in ethanol ( + VPD 6, n = 152) from conception until death.

(Friedman & Johnson, 1988; Kenyon et al., 1993; Larsen et al.,
1995; Kimura et al., 1997; Gems et al., 1998). Mutations in
genes such as daf-2, which encodes an insulin-like receptor, and
age-1, which encodes a PI3 kinase, both promote dauer for-
mation and extend adult lifespan (Morris et al., 1996; Kimura
et al., 1997). The lifespan extension caused by these mutations
requires the activity of the daf-76 gene which encodes a fork-
head family transcription factor that is regulated by the insulin/
IGF signaling pathway (Lin etal., 1997; Ogg etal., 1997).
Because VA and VPD extend adult lifespan, we investigated the
ability of these drugs to promote dauer formation. Neither VA
nor VPD caused wild-type (WT) animals to form dauer larvae at
20 °C (data not shown). To analyze the ability of these drugs
to promote dauer formation in a more sensitive background,
we analyzed daf-7 mutations that cause a partially penetrant
dauer constitutive (Daf-c) phenotype at 20 °C (Table 2). Valproic
acid treatment increased dauer formation of daf-7(m62) ani-
mals from 49% of untreated animals to 91% (Table 2A). Sim-
ilarly, VPD treatment increased dauer formation of daf-7(m62)
animals from 71% on control plates with ethanol alone to 93%
on plates with VPD dissolved in ethanol (Table 2B). Thus, VA
and VPD enhanced dauer formation of daf-7(m62) animals. It
is notable that these effects of VA and VPD are different from
the results observed with ethosuximide and TRI, which caused
slight decreases in dauer formation of daf-7(m62) animals
(Table 2A).

The DAF-16 forkhead transcription factor has been demon-
strated to localize to the nucleus when the activity of the daf-
2 signaling pathway is reduced (Henderson & Johnson, 2001;
Lin et al., 2001). Therefore, the extent of DAF-16 nuclear local-
ization has been used to monitor the activity of the signaling
pathway. Our studies of dauer formation indicate that VA might
influence the insulin-signaling pathway. To test this hypothesis,
we monitored the effect of VA on the nuclear localization of
DAF-16 using a DAF-16::GFP reporter construct that is inte-
grated in the genome (Berdichevsky et al., 2006). In the absence
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Table 2 Drugs influence dauer formation of daf-7(mé62) at 20 °C

A

% Dauer N (number
Drug treatment (95% Cl) of trials)
None 49 (44-55) 332 (3)
Ethosuximide (14 mwm) 28 (23-34) 238 (2)
Trimethadione (28 mwm) 21 (15-29) 150 (2)
Valproic acid (6 mm) 91 (87-94) 242 (3)
B

% Dauer N (number
Drug treatment (95% Cl) of trials)
Vehicle 71 (67-75) 526 (2)
Valpromide (6 mwm) + vehicle 93 (90-95) 588 (2)

Cl, confidence interval.

Table 3 Valproic acid (VA) enhances DAF-16 nuclear localization

% Nuclear N (number
Drug treatment localization (95% Cl) of trials)
None 0.44 (0-2) 459 (4)
VA (6 mm) 11.5 (9-15) 428 (4)

Cl, confidence interval.

of VA, less than 1% of animals displayed DAF-16::GFP nuclear
localization (Table 3). Treatment with VA caused 11.5% of
animals to display prominent DAF-16 nuclear localization
(Table 3). Because we used stringent criteria for scoring animals
as positives in this assay, it is possible that VA promoted lower
levels of DAF-16 nuclear localization in additional animals. These
results suggest that VA functions upstream of daf-76 and
promotes nuclear localization.

VA functions differently from ethosuximide and TR,
and the lifespan extension of VA and TRI is additive

Ethosuximide and TRI extend lifespan of daf-76 mutants,
indicating that at least part of the activity of these drugs does
not require daf-16 (Evason et al., 2005). To define the relationship
between the activity of VA and daf-16, we tested the effect of
a variety of VA doses on the lifespan of daf-16(m26) and
daf-16(mu86) mutants. Valproic acid did not extend mean
lifespan of either of these daf-76 mutants (Table 4).
Ethosuximide and TRI further extend the lifespan of several
long-lived mutants, including eat-2(ad465), isp-1(gm150),
daf-2(e1370), aex-3(ad418), and age-1(hx546) (Evason et al.,
2005). To define the relationship between VA activity and these
mutations, we analyzed the lifespan of these mutants treated
with 6 mm VA. Valproic acid did not significantly extend mean
lifespan in any of these genetic backgrounds, although in some
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Table 4 Mean and maximum lifespans of mutants treated with valproic acid

Dose Mean lifespan % Maximum lifespan %
Genotype (mm) (SD) (days)t+ Changet (SD) (days)t+§ Changet NY|
Wild type None 16.2+40 233+1.8 708(12)
3 20.9 + 7.0%** +29 333+ 2.1%** +43 304 (5)
6 21.9 £ 7.0%** +35 33.1 £ 2.1%** +42 530(10)
daf-16 (m26) None 16.1+3.0 206+ 1.0 65 (1)
0.6 149+4.3 -7 226+25 +10 70 (1)
3 16.6 +4.6 +3 25.6 £2.2*%* +24 51 (1)
6 13.0 £ 3.1%** -19 186 +3.2 -10 53 (1)
daf-16 (mu86) None 13.5+35 200+ 1.8 116 (2)
0.6 12.0 + 4.0%* -1 204 3.1 +2 118 (2)
3 11.8+4.1** -13 19.7+1.7 -2 95 (2)
6 12.4 +2.9* -8 176+ 1.2%* -12 110 (2)
aex-3 (ad418) None 21.6+5.8 30.3+1.0 43 (1)
6 21.0+6.2 -3 31.8+2.6 +5 64 (1)
age-1 (hx546) None 23.1+8.0 369+1.2 64 (1)
6 258+ 14.6 +12 46.7 £ 1.3%** +28 29 (1)
daf-2 (e1370) None 347 +12.9 56.1+3.7 78 (2)
6 36.2+13.2 +4 52.3+1.8* -7 79 (2)
eat-2 (ad465) None 21.9+97 384+29 51 (1)
0.6 21.2+8.7 -3 36.8+5.2 -4 28 (1)
3 20.8 +10.8 -5 39.0+6.9 +2 34 (1)
6 17.6 + 8.8% -20 33.8+1.6* -12 31 (1)
isp-1 (qm150) None 179+89 358+ 1.4 70 (1)
0.6 19.7 +10.9 +10 42.0 + 4.0% +17 62 (1)
3 15272 -15 28.0 £ 1.3%** -22 31(1)
6 15.5+56 -12 28.1+5.0 -22 41 (1)

tIf the standard deviations of two groups were similar, comparisons were performed using the Student’s t-test. Otherwise, the alternate Welch test was used.

P >0.05, no stars; *P < 0.05; **P < 0.005; ***P < 0.0001.

$The percent change and the statistical significance of this change were determined by comparison to the same genotype with no drug treatment.
§Maximum adult lifespan is the mean lifespan of 10% of the population that had the longest lifespans.
fINumber of hermaphrodites analyzed, with number of independent experiments in parentheses.

cases the drug caused a small extension of maximum lifespan
(Table 4). There are two possible interpretations for the lack of
an additive lifespan extension in long-lived mutants treated with
VA. First, VA and a particular mutation may extend lifespan
by similar mechanisms. Second, VA and a particular mutation
may extend lifespan by different mechanisms, but also cause
toxicities, and the combination of the toxicities limits the
potential lifespan extension. Because eat-2(ad465), isp-1(gm150),
daf-2(e1370), and aex-3(ad418) are likely to extend lifespan by
different mechanisms, we favor the interpretation that the
combination of VA and these mutations results in toxicity.
Consistent with this possibility, VA caused a significant decrease
in the mean or maximum lifespan of several mutants, including
daf-16, daf-2, eat-2, and isp-1 (Table 4). Therefore, these
experiments do not clearly establish the relationship between
the mechanism of action of VA and the mechanism of action
of eat-2, isp-1, aex-3, age-1, and daf-2 mutations. However,
these studies do show that VA interacts with longevity
mutations in a manner that is strikingly different from the
interactions previously observed with ethosuximide and TRI
(Evason et al., 2005).

Ethosuximide and TRI affect several neuromuscular behaviors.
These drugs increase egg laying, a process mediated by HSN
neurons and vulval muscles (Trent et al., 1983; Evason et al.,

2005). They also cause hypersensitivity to aldicarb, an acetyl-
cholinesterase inhibitor that causes paralysis because of
accumulation of acetylcholine at the neuromuscular junction
(Miller et al., 1996; Evason et al., 2005). By contrast, VA did not
stimulate egg laying or cause hypersensitivity to aldicarb (data
not shown).

Our experiments demonstrate several differences between
the effects of VA and TR, suggesting the two drugs might act
differently in nematodes to extend lifespan. One approach to
testing this possibility is analyzing combinations of drugs. The
interpretation of these experiments requires well-established
dose-responses for each of the drugs being tested. For example,
if two drugs extend lifespan by a similar mechanism, then
suboptimal doses of the drugs could be combined to produce
an additive lifespan extension, but optimal doses should not
combine to produce an additive lifespan extension. By contrast,
if two drugs work by different mechanisms of action, then
combinations of the optimal doses of each drug might cause
an additive lifespan extension. In this case, the combination of
drugs would produce a longer lifespan extension than can be
achieved with either drug individually at any concentration. To
investigate this issue, we first analyzed combinations of etho-
suximide and TRI, two structurally related compounds that are
likely to function by the same mechanism (Levy et al., 2002;
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Fig. 5 Lifespan-extending effects of ethosuximide and trimethadione (TRI)
can be additive at suboptimal dosages, but are not additive at optimal
individual dosages. (A) Wild-type worms were cultured with only 14 mm
TRI(+ TRI 14, mean lifespan 21.1 + 5.3, n = 65), only 28 mm TRI ( + TRI 28,
mean lifespan 24.2 + 7.8, n = 70), only 14 mm ethosuximide ( + ETH 14,
mean lifespan 19.6 + 5.1, n = 67), or with a combination of 14 mm
ethosuximide and 14 mm TRI ( + ETH 14 + TRI 14, mean lifespan 23.3 + 6.4,
n = 59). Treatment with a combination of ethosuximide and TRI caused a
greater lifespan extension than treatment with 14 mm ethosuximide alone
(P =0.0005) or 14 mm TRI alone (P < 0.05), but treatment with the
combination did not cause a greater lifespan extension than treatment with
the optimal dose of 28 mm TRl alone (P =0.51). (B) Worms cultured with a
combination of 28 mm ethosuximide and 28 mm TRI (+ ETH 28 + TRI 28,
mean lifespan 11.4 £ 2.9, n = 49) displayed a significantly shorter lifespan
than worms cultured with only 28 mm ethosuximide ( + ETH 28, mean
lifespan 20.0 £ 5.0, n = 57) (P < 0.0001) or only 28 mm TRI ( + TRI 28,
mean lifespan 21.9 + 6.6, n = 58) (P < 0.0001).

Evason et al., 2005). The optimal dosage for lifespan extension
is approximately 14-28 mm for ethosuximide and approximately
28 mm for TRI. Combination of 14 mm ethosuximide and 14 mm
TRI caused a larger lifespan extension than either drug alone,
indicating that these two drugs can display an additive effect when
used at suboptimal dosages (Fig. 5A). However, combination of
28 mm ethosuximide and 28 mm TRI did not cause a lifespan
extension that was longer than either drug alone and actually
shortened the lifespan (Fig. 5B). These results document that
two lifespan-extending drugs that act by a similar mechanism
of action cannot be combined to produce a longer lifespan
extension than either drug used alone.
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Fig. 6 Lifespan-extending effects of valproic acid (VA) and trimethadione
(TRI) are additive. Worms were cultured with only VA ( + VA 6), only TRI( + TRI
28), or a combination of VA and TRI ( + VA 6 + TRI 28).

To analyze the interaction of VA with TRI, we combined the
optimal lifespan-extending dose of 6 mm VA with the optimal
lifespan-extending dose of 28 mm TRI. Worms cultured with
6 mm VA had a mean lifespan of 20.9 £ 7.1 days (N = 229),
and worms cultured with 28 mm TRI had a mean lifespan of
23.5 + 7.5 days (N = 248). Worms cultured with a combination
of 28 mm TRI and 6 mm VA had a mean lifespan of 26.1 =
7.8 days (N = 222), a 61% increase compared to control worms
cultured without drugs (Fig. 6, Table 1). Importantly, this mean
lifespan was significantly greater than the mean lifespan of
worms treated with 28 mm TRI (P < 0.0005) or with 6 mm VA
(P < 0.0001).

Discussion

Specific models for the mechanism of action of VA in
lifespan extension

Our results demonstrate that VA extends C. elegans lifespan and
delays age-related diminishment of vigorous body movement.
In humans VA has multiple effects, including inhibiting convulsions,
reducing migraine headaches, mood stabilization, and teratogenic
effects during pregnancy. Critical questions that are raised by
these findings include: What is the mechanism of action of VA
in extending lifespan? How does this mechanism relate to the
activities in humans? The mechanism of action is likely to involve
direct binding of VA to one or more targets, which triggers a
series of events that result in lifespan extension in worms
or neural effects in humans. Because VA was discovered
serendipitously to affect seizure activity in vertebrates (Isoherranen
et al., 2003), a major challenge has been defining the molecular
mechanism of action of this drug. The investigations of candidate
processes and proteins have implicated several targets, including
effects on y-amino butyric acid levels, sodium channels, HDACs,
and the endoplasmic reticulum stress response pathway (Wang
etal., 1999; Phiel et al., 2001; Levy et al., 2002). Valproic acid
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might have multiple therapeutic targets in humans, which would
help explain its diverse clinical effects (Levy et al., 2002).

Structure-activity studies have been an effective approach
used to determine how the molecular actions of VA relate to
the physiological effects of the drug. Elegant studies have been
performed with the structurally related anticonvulsant VPD
(Phiel et al., 2001). Valproic acid is a potent HDAC inhibitor;
by contrast, VPD does not inhibit HDACs. Therefore, activities
that are displayed by both drugs are not likely to be caused by
inhibiting HDACs, and activities displayed by VA but not VPD
may be caused by inhibiting HDACs. Valproic acid is a teratogen,
whereas VPD is not a terotogen, indicating that HDAC inhibition
causes teratogenicity (Phiel et al., 2001). By contrast, VPD and
VA are both anticonvulsants, indicating that HDAC inhibition
does not cause anticonvulsant activity.

Histone deacetylase activity has been implicated in the control
of lifespan, because drugs that inhibit HDAC activity and
mutations that reduce HDAC activity can extend the lifespan
of Drosophila (Kang et al., 2002; Rogina et al., 2002; Zhao
et al., 2005). To address the role of HDAC inhibition in the
mechanism of action of VA in C. elegans, we conducted a
structure—activity study. We observed that VPD extended
C. elegans lifespan similar to VA, indicating that lifespan
extension is not caused by inhibiting HDAC activity, but rather
is caused by an activity that is shared by VA and VPD.

A number of factors have been demonstrated to extend
C. elegans lifespan, and the experiments described here have
clarified the relationship between VA and these factors. Caloric
restriction can extend the lifespan of C. elegans and many other
animals (Klass, 1977; Koubova & Guarente, 2003; Partridge
etal., 2005). Characteristics of calorically restricted worms
include significant reductions in progeny production and
reduced body size (Klass, 1977). Valproic acid did not significantly
reduce progeny production or body size, suggesting that it does
not function primarily by causing caloric restriction.

Bacterial pathogenicity affects C. elegans lifespan (Gems &
Riddle, 2000; Garigan et al., 2002; Garsin et al., 2003). The
observation that VA prevents bacterial accumulation raises
the possibility that one mechanism of VA lifespan extension
is by inhibiting bacterial pathogenicity. However, the following
observations indicate that VA acts directly on C. elegans to
influence lifespan. First, the structurally related compound VPD
extends lifespan and does not affect bacterial proliferation
substantially. Second, VA extended lifespan of worms cultured
with an antibiotic that inhibits bacterial proliferation, indicating
that VA acts, at least in part, by a separate mechanism. Third,
VA treatment caused lethality, promoted dauer formation, and
promoted DAF-16 nuclear localization, and these phenotypes
are unlikely to be related to bacterial proliferation.

The well-characterized insulin/IGF signaling pathway affects
DAF-16 nuclear localization, the probability of forming dauer
larvae, and the adult lifespan (Friedman & Johnson, 1988; Kenyon
etal., 1993; Larsen et al., 1995; Kimura et al., 1997; Gems
et al., 1998). Valproic acid treatment promoted DAF-16 nuclear
localization, increased the formation of dauer larvae, and

extended the adult lifespan. Because these phenotypes are
caused by mutations that partially reduce the activity of daf-2
and age-1, these results suggest that VA might reduce the activity
of the insulin/IGF-1 signaling pathway. However, a significant
number of genes can be mutated to promote dauer larvae
formation, including genes that are not directly involved in the
insulin/IGF-1 signaling pathway (Riddle et al., 1997). Further-
more, pathways in addition to the insulin/IGF-1-signaling
pathway have been demonstrated to influence DAF-16 nuclear
localization (Oh et al., 2005). Thus, our results are consistent
with the model that VA influences the insulin-signaling
pathway, but also consistent with other models. We observed
that VA did not extend the lifespan of daf-76(If) mutants and
did not further extend the lifespan of daf-2(If) and age-1(If)
mutants. These results are consistent with a model that VA
acts on the insulin/IGF-1 signaling pathway to extend lifespan.
However, the lack of an effect of VA in these mutants is a
negative result that should be interpreted cautiously. Further-
more, this finding was not specific to mutants in the insulin/
IGF-1 signaling pathway, because VA did not further extend the
lifespan of long-lived mutants that are defective in other
pathways, such as eat-2 and isp-1.

Our results demonstrate that VA promotes DAF-16 nuclear
localization, and here we consider three models to explain this
finding. The first model is that VA directly binds DAF-16 and
thereby influences DAF-16 nuclear localization. The second
model is that VA directly binds one of the proteins that functions
upstream of DAF-16 in a linear signaling pathway, such as
DAF-2 or AGE-1. The third model is that VA affects DAF-16
nuclear localization very indirectly by acting on proteins that
function far upstream of the insulin/IGF-1 signaling pathway or
on proteins that act in parallel to the insulin/IGF-1 signaling
pathway to regulate DAF-16. In one version of model 3, VA
binding to a target protein induces a stress response in the
worm that promotes DAF-16 nuclear localization. Further
experiments are necessary to distinguish between these three
models. Valproic acid treatment caused DAF-16 nuclear localiza-
tion and lifespan extension, and this correlation suggests that
DAF-16 nuclear localization might cause the lifespan extension.
Consistent with this model, VA did not extend the lifespan of
daf-16(If) mutants. However, it is also possible that the effect
of VA on lifespan is independent of DAF-16 nuclear localization,
and the finding that VA did not extend the lifespan of daf-16(If)
mutants reflects the toxicity of combining the mutation and the
drug treatment.

General models for the mechanism of action of VA
in lifespan extension

We have discussed specific mechanisms of action for VA in
lifespan extension including HDAC inhibition, caloric restriction,
effects on bacterial pathogenicity, and effects on the DAF-2/
AGE-1/DAF-16 signaling pathway. Next, we discuss general
models for the mechanism of action of VA in lifespan extension.
These general models are important to consider because they
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apply to a wide variety of genetic, environmental, and phar-
macological treatments that can extend lifespan.

If a treatment extends adult lifespan, then by definition the
treatment increases the function of animals at the end of adult
life; treated animals that are alive have a higher level of function
than untreated animals that are dead. A critical issue is how
the treatment affects the function of the animals during the
beginning and middle of adult life compared to untreated animals
to achieve the lifespan extension. Here, we consider three
models. The first model is that the treatment directly increases
the function of a process that promotes longevity. The second
model is that the treatment directly acts on a system that does
not control longevity, thereby inducing a response that
increases longevity by increasing the function of processes that
promote longevity. The third model is that the treatment directly
or indirectly decreases the function of a process that inhibits
longevity. We consider each model in turn, and relate these
models to our results with VA.

The first model postulates that there are processes that
promote longevity, and the activity of these processes can be
increased to extend lifespan. For example, if aging is caused
by damage accumulation, then increasing the activity of pro-
cesses that limit damage accumulation is predicted to extend
longevity. Specific processes that have been proposed to promote
longevity and have the capacity to be increased and extend
lifespan include pathways that increase resistance to oxidative
stress and increase repair of macromolecules like DNA (Balaban
etal., 2005; Lombard et al., 2005). Although these models
are conceptually appealing, there is limited experimental sup-
port for the proposal that increasing the function of one or a
small number of damage repair systems can extend lifespan
(Melov et al., 2000; Phillips et al., 2000; Keaney & Gems, 2003;
Keaney et al., 2004; Landis & Tower, 2005). In cases where
ectopic or over-expression of a gene causes a lifespan exten-
sion, it is possible that the lifespan extension results from the
deleterious consequences of misexpression rather than a
positive effect of increased gene activity. Our results with VA
are not suggestive of model 1. In particular, VA displayed
dose-dependent toxicity. If the mechanism of toxicity is
related to the mechanism of lifespan extension, then it is
unlikely that VA directly increases the activity of a process that
promotes longevity, because these processes are not predicted
to cause toxicity.

The second model postulates that lifespan-extending
treatments act directly on systems that do not control longevity,
thereby inducing a complex response that increases longevity.
This complex response may involve changes in gene expression
and metabolism, and includes increasing processes that promote
longevity. This logic is the basis for the hormesis hypothesis that
proposes that low-level stresses early in life induce a complex
stress response that causes a longer lifespan primarily by
enhancing damage repair systems (Rattan, 2007). In particular,
heat stress early in life causes a lifespan extension and induces
gene expression changes described as the stress response
(Verbeke et al., 2001). This has been observed in multiple
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animals including C. elegans (Cypser & Johnson, 2002; Olsen
et al., 2006b). The response is characterized by the induction
of heat shock proteins that function as molecular chaperones.
The finding that lifespan extension and induction of the stress
response are correlated changes caused by heat stress suggests
two possible models. The first model, termed hormesis, is it that
the heat stress causes a stress response, and the stress response
is characterized by increased activity of processes that promote
longevity, thereby causing a lifespan extension. The second
model is that the heat stress causes the lifespan extension by
damaging and thereby decreasing the activity of processes that
inhibit longevity, and the stress response is not the cause of
the lifespan extension. Although the first model is frequently
discussed and the second model is rarely discussed, both models
should be considered seriously because definitive experimental
evidence that distinguishes between the two models is lacking.
The effect of the stress in the absence of a response has not
been analyzed, nor has the effect of the response in the absence
of the stress. Because low levels of VA cause a lifespan extension
and high levels cause lethality, VA treatment conforms to
definitions proposed for hormesis. Thus, it is possible that VA
toxicity induces a stress response that increases the activity of
processes that promote longevity, and this stress response
causes the lifespan extension.

The third model postulates that there are processes that
promote a short lifespan, and inhibiting these processes can
result in a lifespan extension. What processes promote a short
lifespan, and why do animals have such processes? Here, we
consider three categories of processes that might promote a
short lifespan. The first category includes processes that
generate deleterious waste products, such as lipofuscin, or
products that are capable of causing damage, such as reactive
oxygen species. According to the model that these products
cause aging, reducing the activity of processes that generate
these products is predicted to extend lifespan. For example,
mutations that decrease mitochondrial function can extend
C. elegans lifespan (Felkai et al., 1999). Because mitochondria
are the site of oxygen metabolism and generate reactive oxygen
species, one interpretation of these findings is that decreasing
mitochondrial function results in decreased reactive oxygen
species production, decreased oxidative damage, and an
extended lifespan. The second category of processes is based
on the model that there is a trade-off between reproduction
and somatic maintenance (Kirkwood & Rose, 1991). According
to this model, processes that promote reproduction divert
resources from somatic maintenance and thereby shorten
lifespan. Therefore, reducing such processes is predicted to
extend lifespan. This explanation is unlikely to apply to VA,
because drug treatment did not reduce reproduction. We
propose that there is a third category of processes that can be
inhibited to result in a lifespan extension, based on the model
that life is based on a limited set of instructions. The instructions
for the animal to develop, grow, and mature are encoded in
the DNA. Because animals have a finite amount of DNA, then
the instructions are necessarily finite. When an animal has fully
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executed the instructions to form a mature adult, and instruc-
tions for further maintenance do not exist, then age-related
degenerative changes will begin to accumulate. It is important
to note that the finite instructions encoded in the DNA are
adequate to encode an indefinite life cycle that proceeds from
egg to adult to egg. At the same time, these instructions do
not encode for an immortal adult that can indefinitely meet the
new challenges of living an additional period of time. According
to the model that the life program encoded by the DNA is
limited, then the lifespan will be shortened by processes that
accelerate the execution of the life program. Inhibiting these
processes is predicted to result in a lifespan extension. There
are likely to be a broad spectrum of gene products and processes
that accelerate the execution of the life program, and thereby
promote a rapid lifespan. For example, genes that are involved
in acquiring nutrients and energy from the environment and
converting that energy to ATP are expected to promote the
execution of the life program. Because mitochondria generate
ATP, the observation that mutations that decrease mitochondrial
function can extend lifespan could indicate that a decreased rate
of ATP synthesis delays the execution of the life program, and
thereby extends lifespan. Furthermore, the life program requires
the execution of gene expression programs, and inhibiting gene
expression might extend lifespan. Consistent with this possibility,
modifying the activity of specific HDACs that regulate gene
expression causes lifespan extensions (Kang et al., 2002; Rogina
etal., 2002; Zhao et al., 2005). Our results with VA are
consistent with the possibility that VA inhibits a process that
promotes the execution of the life program. The process inhibited
by VA may be essential, which would explain the lethality
caused by high doses of VA.

To summarize, there are three general models for lifespan
extension by VA. First, VA might directly increase a process that
promotes longevity. Second, VA might act by a hormesis
mechanism and indirectly increase a process that promotes
longevity. Third, VA might directly and/or indirectly decrease a
process that inhibits longevity. We think the first model is
unlikely, because VA caused dose-dependent toxicity. Our
results are consistent with the second and third models, but we
favor model 3. Genetic analyses in C. elegans have identified
hundreds of genes that can be modified by loss-of-function
mutations or RNAI treatment to cause a lifespan extension, and
many of these genes are involved in basic metabolic processes
such as mitochondrial function and protein translation (Lee
et al., 2003; Hamilton et al., 2005; Hansen et al., 2005, 2007;
Curran & Ruvkun, 2007; Pan etal., 2007; Syntichaki et al.,
2007). We think that the simplest interpretation of these
findings is that lifespan extension is typically caused by decreasing
processes that inhibit longevity. The alternative explanation is
that these diverse genetic changes induce a stress response,
which seems unlikely. We think that most genetic changes and
pharmacological treatments that extend lifespan, including VA,
decrease the function of processes that inhibit longevity and
increase the time required to execute gene expression and
metabolic programs that constitute the life program.

Additive lifespan extension can be achieved by
combining drugs from different structural
families — TRI and VA

We previously described that the heterocyclic anticonvulsants
ethosuximide and TRI extend C. elegans lifespan and are likely
to function by affecting neural activity (Evason et al., 2005).
Valproic acid also affects neural activity in vertebrates and is
used as an anticonvulsant, raising the possibility that VA and
heterocyclic ring anticonvulsants have a similar mechanism of
action in extending C. elegans lifespan. However, our results
indicate that VA and heterocyclic ring anticonvulsants act
very differently in C elegans and are likely to have different
mechanisms of lifespan extension. Valproic acid promotes dauer
formation in daf-7(m62) mutants, whereas ethosuximide and
TRI do not cause this effect. Ethosuximide and TRI affect egg
laying and hypersensitivity to aldicarb-mediated paralysis,
whereas VA did not cause these effects. Ethosuximide and TRI
caused a lifespan extension in a variety of mutant backgrounds,
whereas VA did not extend lifespan in those genetic back-
grounds. These differences suggest that VA and heterocyclic
ring anticonvulsants extend lifespan by distinct mechanisms,
and therefore it might be possible to combine the drugs to
obtain an additive lifespan extension. Consistent with this
prediction, the combination of VA and TRI extended the mean
lifespan by 61%, which is significantly greater than the lifespan
extension caused by either compound alone. This is an impor-
tant result because it demonstrates the feasibility of achieving
additive lifespan extensions with a combination of pharma-
cologic agents.

Combining drugs is common in clinical practice. Anticonvul-
sants are often combined to achieve greater seizure control.
Interestingly, ethosuximide and VA can be combined to achieve
greater seizure control than either drug alone, and this com-
bination is currently used in clinical practice (Rowan et al., 1983;
Bourgeois, 1988). This result is consistent with our data suggesting
that these two drugs act differently and form an effective
combination. The possibility of combining drugs to extend
lifespan is a promising area, and future studies may reveal many
different combinations of drugs that have additive effects and
can profoundly delay aging.

Experimental procedures

General methods and strains

Caenorhabditis elegans strains were cultured at 20 °C on 6 cm
petri dishes containing NGM agar and a lawn of E. coli strain
OP50 unless stated otherwise (Brenner, 1974). The WT N2 strain
and most mutant strains were obtained from the Caenorhabditis
Genetics Center. Strain GR1352 was used for DAF-16::GFP
nuclear localization experiments and contains the integrated
array xrls87[daf-16alpha::GFP::DAF-16B + rol-6(su1006)] that
rescues the daf-16(mgDf47) mutant phenotype (Lee etal.,
2001; Berdichevsky et al., 2006). The following well-characterized

© 2008 The Authors

Journal compilation © Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland 2008



mutations that affect lifespan and/or dauer formation were
used: daf-2(e1370 P1465S) is a partial loss-of-function mutation
that affects the kinase domain of the DAF-2 receptor tyrosine
kinase (Kimura et al., 1997); age-1 (hx546 P24165) is a partial
loss-of-function mutation that affects the AGE-1 PI3 kinase
(Morris et al., 1996; Ayyadevara et al., 2007); eat-2(ad465) is a
strong loss-of-function or null mutation that would result in
the production of only the first 45 amino acids of the EAT-
2 non-alpha nicotinic receptor subunit (McKay et al., 2004);
daf-16(m26) is a partial loss-of-function mutation that disrupts
mRNA splicing of the DAF-16 forkhead transcription factor
(Ogg et al., 1997); daf-16(mu86) is a probable null mutation
that results in deletion of most of the DAF-16 coding sequence
including all of the forkhead domain (Lin et al., 1997); isp-
1(gm150 P225S) is a partial loss-of-function mutation that
affects the ISP-1 iron sulfur protein of mitochondrial complex
Il (Feng et al., 2001); and daf-7(m62 Q246Stop) is a probable
null mutation of the TGF-B ligand DAF-7 (Ren et al., 1996).
daf-7(m62) mutants display a temperature-sensitive dauer
constitutive (Daf-c) phenotype and were propagated at 15 °C.

Measurement of lifespan and age-related changes in
physiological processes

For measurements of lifespan, hermaphrodites were chosen for
analysis at the L4 stage (defined as day 0) and analyzed every
1-2 days from day 3 until death. Approximately 15 hermaph-
rodites were cultured on each petri dish. Hermaphrodites were
transferred to fresh petri dishes about every 2 days until the
cessation of progeny production and about every week
thereafter. Animals were scored as dead if they displayed no
spontaneous movement or response when prodded. Dead
worms that displayed internally hatched progeny, an extruded
gonad, or desiccation caused by crawling off the agar were
excluded from the data. Lifespan is the number of days from
the L4 stage to the average of the last day a worm was observed
to be alive and the first day a worm was observed to be dead.

Self-fertile reproductive span, fast pharyngeal pumping span,
pharyngeal pumping span, and fast body movement span
were determined as described previously (Huang et al., 2004).
Reproductive aging of mated hermaphrodites was analyzed
as described previously (Hughes et al., 2007). To determine total
progeny production, L4 hermaphrodites were placed on
individual petri dishes (time zero) and transferred to fresh
dishes every day until death or at least 4 days without progeny
production. Progeny were counted after about 2 days. To allow
mating, three young, WT male C. elegans that had not been
exposed to drug were added to the dish and removed after
2 days. Hermaphrodites that did not mate to the male
C. elegans were recognized by a lack of male progeny and
excluded from the data. Sterile hermaphrodites were also
excluded from the data. Fertile animals that died during the
experiment were included in the data until the day of death,
and N values are the number of animals at the start of the
experiments.
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Dauer formation and DAF-16::GFP nuclear localization

Dauer formation assays were performed as described pre-
viously (Gunther et al., 2000). Briefly, five to ten young
adult hermaphrodites were allowed to lay eggs on one
petri dish at 20 °C for 4-10 h. An observer that was blind
to the drug treatment status counted the number of eggs
that had formed adults or dauer larvae after 4 days and
5 days.

For DAF-16 nuclear localization experiments, animals were
cultured from conception to the L3 larval stage in the presence
or absence of 6 mm VA, and representative L3 animals were
scored for DAF-16::GFP localization using an Olympus SZX12
dissecting microscope (Tokyo, Japan) equipped for fluorescence
microscopy at 144x magnification. Animals were scored as
positive if they displayed multiple, intensely fluorescing puncta
across the length of the animal. Animals were scored as negative
if there was diffuse fluorescence and few or no intensely fluo-
rescing puncta.

Pharmacological compounds

Valproic acid sodium salt, ethosuximide, TRI, and kanamycin
sulfate were obtained from Sigma Chemical Co. (St. Louis, MO,
USA). Concentrated solutions of each drug were prepared by
dissolving compounds in water at 50-100 mg mL™". Valpromide
was obtained as a gift from Katwijk chemie bv (Katwijk, ZH,
The Netherlands). A concentrated solution of VPD was prepared
by dissolving VPD in ethanol at 250 mg mL™". Solutions of
concentrated compounds were added to liquid NGM that had
been autoclaved and cooled to 50-60 °C, the mixture was
agitated to ensure the compounds were dissolved, and then
the medium was dispensed into petri dishes. For experiments
with VPD, we prepared control petri dishes containing
3.4 mL ethanol L' NGM. Petri dishes were stored in the dark
at 4 °C until 1-2 days before use and then moved to room
temperature and seeded with E. coli OP50. Escherichia coli
did not form a thick lawn on NGM containing VA, indicating
that VA might inhibit bacterial proliferation. By contrast, E. coli
did form a thick lawn on NGM containing VPD. To provide
an abundant source of E. coli food to worms cultured on plates
containing VA, we cultured bacteria in a medium not containing
VA, and aliquoted the concentrated bacteria onto dishes
containing VA. By contrast, experiments with VPD were con-
ducted using the standard approach of plating a thin lawn
of E. coli OP50 on the petri dish and allowing the bacteria
to proliferate 1-2 days at room temperature. Experiments with
kanamycin were conducted by aliquoting concentrated bacteria
onto dishes.

For a typical lifespan experiment, parental worms were
cultured in the presence of the drug, and progeny were selected
at the L4 stage for lifespan analysis. Thus, these progenies were
exposed to drug from the time of conception until death. Lifespan
experiments involving pharmacological compounds were always
done in parallel with a control group.
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Statistical methods

For each experimental group, comparisons were made to a
control group maintained in the same incubator and analyzed
at the same time points. Mean, standard deviation, P values,
95% confidence intervals, and other statistical parameters were
calculated using InStat 2.03 software. If the standard deviations
of two groups were similar, comparisons were performed using
the Student’s t-test. Otherwise, the alternate Welch test was used.
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